SUMMARY
INTRODUCTION
Nuon yearly invests millions to cope with the increasing energy demand. A large constraint within network capacity is the transformer. From an economical point of view, it is very attractive to increase the load on a transformer above its rated load capability. Technically there are limits to the maximum load capability of a transformer. The main concern of a utility like Nuon still is continuity of power supply to the customers. Till recently, there was no consensus on what the maximum load capability of a transformer was. Therefore Nuon performed a study in which the maximum load capability was researched. Special attention was given to the actual grid conditions in which transformers are operating within the Nuon grid.
THE RESEARCH
The research consists of three representative transformers: An 18 MVA, a 36 MVA and a 66 MVA transformer (see Table 1 ).
Based on the actual grid situation (with regard to voltages, load profiles, core-flux) and actual weather circumstances, the hot-spot temperature is calculated. These calculations are done for different scenarios of so called (n-1)-periods using the international norm IEC 60354 [1] (figure 1). To calculate with environmental temperature patterns and standard load profiles, dynamical models of the hot-spot temperature and the ageing of the transformers were made based on the IEC 60354 [1] .
The following figure represents the load profile that is researched for the selected transformers. The calculations give insight in the ageing of the paper insulation and the temperature of the oil, during different (n-1) situations. With these insights, rational choices can be made on the limit of risk that Nuon is willing to take under (n-1) conditions.
THERMAL LOAD CAPABILITY
The environmental temperature is very important to the maximum load capability of a transformer. Between different years the temperature in the same month can fluctuate enormously. To achieve results that are valid in every condition at any time, a worst-case temperature profile of a
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year is made. This profile is based on the collected temperatures of five consecutive years. By selecting the maximum temperature of every hour out of these five-year profiles an adequate temperature profile was constructed. This is shown in the next figure (figure 3 ). Besides achieving results that are insensitive to temperature fluctuations, it is also important to achieve results that are insensitive to local differences in load patterns. The load patterns differ between substations because they supply power to a different mix of houses, offices and industries. That is why a normalised load profile was created from the load profiles of 25 randomly selected substations. The selected profiles were proportionally scaled from their highest peak load. For every time sample from the different profiles the maximum load was selected. The next figure shows the method. 
NO DEPRECIATION
The relative ageing was calculated for five different scenarios with different load profiles:
Ø Normal load profile: 70% load of the rated capability of the transformer during a year Ø Maintenance load profile: 110% load of the rated capability of the transformer during 7 days (maximum duration of a maintenance period) and followed by 70% load for the rest of the year Ø Failure short: 120% load of the rated transformer capability during 2 hours, after which the load is reduced to 110% during 7 days and followed with 70% load for the rest of the year Ø Failure long: 120% load of the rated transformer capability during 2 hours, after which the load is reduced to 110% during 14 days and followed with 70% load for the rest of the year Ø Failure extreme long: 120% load of the rated transformer capability during 2 hours, after which the load is reduced to 110% during 6 months (time in which a transformer can be delivered) and followed with 70% load for the rest of the year All the percentages are related to the rated capability of the transformers (see also figure 2 ).
The calculations show that at 70% load of the rated capability of the transformer the paper insulation does not depreciate at all (figure 5). Higher loading of the transformer during maintenance periods or failures does lead to depreciation of the paper insulation. Maintenance however is done only once in a couple of years and a failure only happens once in a couple of decades. When the transformer has a maintenance period every 4 years and a failure once every 20 years, the paper insulation of all the three transformers has a lifetime of over a hundred years. This means that a higher load than the rated load of the transformer during maintenance periods and failures will not lead to relevant ageing of the insulation of the transformer. Other ageing processes have a larger impact than the ageing process of the paper insulation. 
HOT-SPOT TEMPERATURE IS CRICTICAL
The hot-spot temperature is a critical factor at maximum loading of the transformer. At a temperature of 140°C, the chance exists, that the oil in the transformer starts to boil. This causes depreciation of the insulation, which in turn highly increases the chance of a transformer failure. According to the IEC 60354 [1] at an oil temperature of more than 160°C there is acute danger. High hot-spot temperatures arise during maintenance periods and during failures. Under these conditions it is not acceptable that the still operating transformers have an increased chance of failure. The continuity of the power supply could be threatened. The direct and indirect economical costs that result from a large-scale interruption are enormous. Nuon therefore does not accept hot-spot temperatures over 140°C. For the different loading conditions (maintenance, failure) the maximum hot-spot temperature was calculated. The failure or the maintenance period always fell on the hottest period of the year. During maintenance periods, the temperature always stayed under the 140°C (see figure 6 ). Loading the transformer with 110% is no constraint during maintenance periods. Loading the transformer with 120% however, is not acceptable in all cases. The calculations show that during a failure the hot-spot temperatures rise over the 140°C. It is remarkable that the hot-spot temperatures are of the same height at all the three different failure profiles. The only constant factor in these profiles is the 120% load. The period after the 120% varied in every profile. Apparently, the duration of loading the transformer with 110% is of no consequence for the height of the hot-spot temperature. Because during failures the hot-spot temperature is more than 140°C, it is researched in which months the 120% load is still acceptable. The calculations are made for every month on the hottest time. During the summer period the hot-spot rises over the 140°C, as shown in the following figure (figure 7) . Due to an increase of cooling of buildings like e.g. aircondition more substations are loaded maximally during the summertime. It is in these substations that the limit of 120% load is not acceptable. The chance of failure under these conditions is too high. Nuon accepts a load of 110%, regardless of whether this load is caused by maintenance or a failure. With the substations that have their maximum load in the winter, a load of 120% can be exploited. There should be means of reducing the load from 120% to 110% by switching load to other substations.
VOLTAGES
Another important factor that was researched was whether or not the transformers were able to supply a correct voltage at a load of 120%. The transformer should be able to supply a voltage of 10.5 kV and sometimes 10.8 kV. The calculations were made with a normal power factor of 0.95 and with an extreme power factor of 0.88. The primary voltage of the transformer was also varied from normal to -10%. 
OVER-EXCITATION OF THE CORE
When the core of a transformer is heavy over-excited, irreparable damage to the transformer could be the consequence. Under extreme circumstances, the continuity of the power supply could even be in danger. The limit of an acceptable core-flux is 1.9 T. The flux in the core depends, among other things, on the rated core-flux. The excitation in the core rises in proportion to the secondary voltage that the transformer has to supply, together with the voltage drop within the transformer due to the voltage losses in the transformer. The excitation of the core is calculated with a high secondary voltage of 10.8 kV, a power factor of 0.88 and a load of 120%. The core-flux of none of the transformers will exceed the 1.9 T at a load of 120% (figure 9).
Excitation of the Core There is no risk of problems with over-excitation of the core.
CONCLUSION
The hot-spot temperature and the voltage regulation of the transformer limits the load capacity of the transformer. The ageing of the paper insulation and the excitation of the core stay royally within acceptable limits and play therefore no important role. During maintenance the hot-spot temperature stays within acceptable limits. This is also the case with a failure during the cold months. A failure where the transformer is loaded with 120% during 2 hours and than loaded with 110% is acceptable. Loading the transformer with 120% during the hot season will result in a hot-spot temperature of more than 140°C. Because of this, it is necessary to make a distinction between substation where the maximum load arises during the cold months and substation where the maximum load arises during the hot season. Substations in the latter category may not be loaded more than 110%, even during failures. All transformers supply a correct voltage during 120% load. Only in extreme situations the norm of 10.5 kV will not be reached, in the case of the 18 MVA transformer. Based on the small chance of happening, this risk is accepted.
Nuon accepts loading the transformer with 110% during (n-1) periods under all weather conditions. During the winter 120% load is accepted. So, investments can be delayed in a considerable manner.
